Introduction
The size and the shape of raceway greatly affect the gas and particle flows which govern the iron manufacture in a blast furnace. Xu et al. 1) numerically simulated the gas and particle flows in two dimensional small scale bed with the lateral gas blasting using a continuum model for gas phase and a discrete model for solid phase. They examined the dependency of raceway and fluidization on gas velocity in terms of the size and shape of the mobile zone, gas and particle flow patterns and forces acting on individual particles. Yamaoka and Nakano 2) presented the calculated results of gas and particle flows in a small scale model blast furnace of which width was 0.5 m and height was 1.0 m. Their results showed the effect of the tuyere diameter and the tuyere length and the bosh angle on the gas and particle flows. Recently Matsui et al. 3, 4) measured the raceway depth in an actual blast furnace of Kobe Steel Ltd. at Kakogawa by the micro wave reflection gunned through the tuyere. Their experimental data showed the first (maximum) and the second (minimum) peaks of raceway depth, the standard deviation and the collapsing cycle. However, the most of the unsteady raceway motion, the instability of raceway and its fluctuating size and shape in an actual blast furnace still have been unknown. The prediction of these dynamical raceway characteristics in an actual blast furnace is of importance for the better understanding and controlling the various phenomena to propose the most effective iron manufacturing method for minimizing CO 2 discharge.
In the present study we have calculated gas and coke particle flows in a large scale blast furnace of which dimension is almost the same as that of the commercial blast furnace and present the dynamical raceway characteristics which include the unsteady and the unstable raceway motions and We have presented the calculated results of the particle and the gas flows in the raceway region in an actual blast furnace of which dimension is the same as that of the commercial blast furnace. We used Distinct Element Method for the computation of the multi-body interaction among coke particles and Finite Difference Method for the numerical analysis of Navier-Stokes equations with the interaction terms between gas and particles for the gas flows.
The calculated results show a typical raceway pattern and typical distributions of gas and particle velocities and void fraction in an actual blast furnace. The results present the size and the shape of raceway. These results show that the raceway grows and shrinks during the short period and greatly changes its shape and size during the long period.
Calculated results present an unusual phenomenon example in the blast furnace, namely the unusual high air velocity wide region touched to the furnace wall is formed due to the air flow penetrated the powder particle wall formed around the outside of the raceway, the effect of the softening melting zones and the size reduction of coke particles in the furnace center region.
We calculated the gas and particle instantaneous velocity vectors, and the instantaneous iso-contour of void fraction with the cohesive matter on the furnace wall in the actual blast furnace. The cohesive matter considerably changes the gas and the particle flows, particularly dose the flows near the furnace wall.
their sizes and shapes. The tapping ratio, the coke ratio, the reducing material ratio and the tuyere flow rate of the commercial blast furnace are 2.15, 350 kg/t, 480 kg/t and 7 600 Nm 3 /min, respectively. The results also present an unusual phenomenon which is easily happen under some conditions. We have used Distinct Element Method (DEM) 5) for the calculation of the multi-body interaction forces among coke particles and Finite Difference Method for the computation of Navier-Stokes equations with the interaction terms between gas and coke particles.
6) The computational domain is a region from a cylindrical part of a blast furnace on the bosh to near the furnace bottom including the tuyeres.
We have also calculated the gas and the coke particle flows with the cohesive matter on the furnace wall on the bosh and presented the effect on the gas and the coke particle flows. The results indicate that the cohesive matter of which size is almost the same that usually appears on an actual blast furnace wall significantly affects the both of the gas and the coke particle flows.
Computational Procedure
The basic equations for the gas phase are the three-dimensional incompressible Navier-Stokes equations with the gas and particle interaction terms, and the fluid continuity equation. Equations (1), (2), (3) and (4) show their cylindrical forms which were used for the present calculation. (2) and (3) using the relaxation method. 10) ............. (11) The fourth and the second order central difference schemes for the convection and other spatial terms respectively, and the second order Runge-Kutter method for the time derivative term were used.
We calculated the multi-body interaction between particles using DEM. The normal and the shear displacement Elastic modulus for real materials are about 2-10 times larger than elastic modulus in shear.
11) Then we assumed
The damping force increments by dashpots in the normal and shear directions at contact points were taken to be proportional to the normal and shear components of the relative velocity increments.
The normal damping and the shear damping coefficients satisfy the following relations.
The normal and tangential contact and damping forces at time a are
The following conditions are required to describe the slip at the contact point.
When where sign(F s ) is an arithmetic symbol for the sign F s . The summation of these contact force components in each direction gives the resultant force. If particle i is displaced independently of any other particle by the resultant force and moment during DT, the equation In this paper we omitted the detail description of the boundary conditions and the computational conditions since the paper of Yuu et al. 13) have described them in detail. Figures 1(a) and 1(b) show the computational domain and the boundary conditions. The computational conditions are shown in Table 1 . Nozzle direction was horizontal. The coke particle removal rates to represent the disappearance of the burned coke particles were 1 500-1 600 coke particles per second and per nozzle in the spherical region in 2 m in front of nozzle including the raceway using uniform random number. The particle removal rate is about 600 times of the commercial blast furnace as mentioned earlier.
So we consider approximately that one second in this calculation corresponds to about 600 s in real phenomena. The size distribution and the initial size inclination of coke particles were also the same as those used in the paper of Yuu et al.
13)
The following equation gave the void fraction.
. We used the personal computer, which is Intel, Xeon, 2.53 GHzϫ2, for computation. CPU time was about 800 h for the calculation of the 8 s phenomena.
Result and Discussion
The calculated particle and gas velocities in figures in this paper are the values averaged in one computational cell. The position of an arrow in the figures is a center of computational cell. Figures 2(a) , 2(b) and 2(c) show the calculated results of the coke particle and air instantaneous velocity vectors, and the instantaneous iso-contour of void fraction at 3.1 s after the initial state. In these calculations we considered the coke particle disappearance by the combustion near the nozzle outlet. As mentioned earlier, the particle removal rate is about 600 times of an actual case. Then these results approximately correspond to actual cases after about 31 min from an initial state. Figures 2(a) , 2(b) and 2(c) show that the raceway is clearly formed and coke particles circulate in it. The pattern of raceway is more complicated than that in the small scale model furnace 13) because the much larger pressure caused by the huge thick particle layer acts on the raceway in the actual furnace. Figure 2(a) shows that the coke particles mainly flow down in the broad region between the center and the wall of the blast furnace toward the raceway and scarcely flow in the lower part of the furnace center. The air velocity vector in Fig. 2(b) shows that a large part of the air flows to the furnace center, on the other hand some flow rises along the furnace wall where the void fraction is large and then the ascending air shows complicated flow behavior near the wall. It seems that this air flow showed to be controlled and smoothed for the more stable operation of a blast furnace. The iso-contour of void fraction in Fig. 2(c) shows that the high bulk density region is formed in the center region of blast furnace, particularly the lower part of the furnace center. The local bulk density difference is small on the initial state of the calculation, however the packing process by the downward flow of the coke particles and the high speed air makes up such a high bulk density region. The dead man gradually builds up. and unsteady raceway motion. We calculated the depth and the height of raceway according to the definition shown in Fig. 3(a) . Figure 4 shows the changes of the raceway depth and the raceway height of the flow in which we were taking account of powder particles produced by pulverization of coke particles as mentioned in the paper of Yuu et al. 13) Short vertical lines in Fig. 4 indicate the locations of the maximum and the minimum depth and height. A and B in (A, B) for example (0.64, 1.23) as shown in Fig. 4 are time (second) and size (meter) of the maximum (or the minimum) of depth and height. We also calculated the difference between the maximum and the minimum, and the periods of them. Periods of raceway depth and height were calculated using the results of raceway depth and height in Fig. 4 , respectively. The results indicate that both of the depth and the height of raceway periodically change and they have roughly two different periods. The short period is the time from the maximum (or the minimum) to the next maximum (or the next minimum) in Fig. 4 . For example the time of the first maximum depth is 0.64 s in (0.64, 1.23) and that of the second maximum depth is 1 s in (1, 1.12) in Fig. 4 , so the short period of the maximum depth is 1Ϫ0.64ϭ0.34 s. The long period is shown by the arrow in Fig. 4 for example 3.5 s in the figure. We calculated the maximum depth and height in the period defined by the depth and the height of the raceway grown the size, and the minimum depth and height defined by those shrunk the sizes. Table 2 shows the mean values of them calculated using the results shown in Fig. 4 . For the comparison, the experimental data which were measured in Kobe Steel Ltd. Kakogawa No. 3 blast furnace using micro wave reflection gunned through tuyere by Matsui et al. 3, 4) are presented in Table 2 . Their experimental data in Table 2 are for 135 mm tuyere diameter. Our calculated results except the difference between the maximum and the minimum depths in the short period shown in Table 2 are fairly in good agreement with the measured data by Matsui et al. 3, 4) The precise remark could not be drown from the comparison of the measured data by Matsui et al. and our calculated results because there are differences between Matsui et al.'s 3, 4) experimental conditions and our computational ones. Nevertheless the fairly good agreement between them indicates that our computational procedure and results are reasonable. Our calculated values present the rough but the proper estimation of raceway characteristics shown in Table  2 . The 600 times of the calculated short period of raceway depth fluctuation shown in Table 2 are fairly in good agreement with the experimental data. 3, 4) The short period would indicate the usual fluctuation of the raceway and the long period would do the large scale change of the flow. The difference between the time span applied to obtain these timeaveraged values of raceway characteristics in the calculated and the experimental data 3, 4) might be one of the causes for the difference between the calculated and the experimental maximum and the minimum depth difference for the short period shown in Table 2 . The calculated results except the difference between the maximum and the minimum depth for the short period in Table 2 are fairly in good agreement with the experimental value.
3,4) Figure 5 shows the unsteady change of the calculated air pressure at the nozzle outlet. As shown in Fig. 5 by arrows, there are two different periods except very short period of which fluctuation has high frequency which would be caused by coke particles that go in or out the raceway. The results were calculated taking account of powder particles and the softening melting zones as mentioned in the paper of Yuu et al. 13) Thus there is the difference between the calculation conditions for the results in Figs. 4 and 5. Then the results in Fig. 5 do not exactly correspond to the results of the same time in Fig. 4 . Nevertheless the mean value of the shorter period which is about 0.66 s (ϫ600ϭ396 s) is in good agreement with the calculated short periods of the raceway depth and height fluctuations. They are 0.62 s and 0.63 s shown in Table 2 . The longer period is about 3 to 4 s which is in good agreement with the calculated long periods of the raceway depth and height fluctuations. They are 3.5 to 4.2 s. The longer period of the pressure fluctuation approximately corresponds to 3 sϫ600ϭ1 800 sϭ30 min to 4 sϫ600ϭ2 400 sϭ40 min in the actual phenomena. These results indicate that the raceway grows and shrinks during about 6 min period and greatly changes its shape and size during about 35 min period.
The calculated gauge pressure converted the calculated mean pressure shown by the bold solid line in Fig. 5 is 4 566 hPa which is good agreement with the experimental value 4 000-4 500 hPa measured near the nozzle outlet of the commercial blast furnace under the usual operating conditions mentioned earlier.
We have calculated the effect of powder particles, the softening melting zones and the size reduction of coke particles in the furnace center region on the flows in the blast furnace. The calculation procedure for powder particles, the softening melting zones and the size reduction of coke particles are described in the paper by Yuu et al. submitted in ISIJ International. In addition to that, in this case if the pressure at the computational cell existing powder particles becomes larger than the threshold pressure assumed to be 5 800 hPa based on the calculated results in Fig. 5 , it is assumed that these powder particles in the cell move with small axial velocity which is 0.3 m/s. Figure 6 shows the calculated iso-contour of air velocity scalar. Ellipses in Fig. 6 are softening melting zones. Figure 7 shows the powder particle configurations for the same times. Figure 6(a) shows that the air with high velocity penetrates the powder particle wall formed around the outside of the raceway as shown in Fig. 7 since the powder particle wall partially becomes to be movable by the above mentioned assumption and mainly flows upward and toward the furnace center. At this stage (Tϭ6.5 s) the air flow is normal. However Fig.  6(b) (Tϭ7.8 s) shows an unusual air flow pattern, namely the high air velocity is formed in the wide region touched to the furnace wall. The high air velocity flow is dangerous since the air temperature in the high velocity flow is very high and might damage the furnace wall. At Tϭ8.2 s, the air flow recovers to the normal state, however the unusual air flow pattern happens again at Tϭ9.6 s and the amplitude of the velocity and the extent of the area become higher and wider. In this period the air flow is penetrating the powder wall partially as shown in Figs. 6(a) and 6(c) and entirely in Figs. 6(b) and 6(d). Nevertheless most of powder particles in the powder wall formed around the raceway is almost quiescent and gradually spread as shown in Fig. 7 . The results including others omitted here for space saving exhibit that unusual phenomena happen to periodically, and gradually increase these amplitudes and spread the extent. It would have been forecast to finally break out a catastrophic phenomenon. Figures 8(a) , 8(b) and 8(c) show the calculated results of the coke particle and air instantaneous velocity vectors, and the instantaneous iso-contour of void fraction at 3.8 s after the initial state in the actual blast furnace with the cohesive matter on the furnace wall as shown in these figures. On the calculation with the cohesive matter, powder particles and softening melting zones were not considered. These figures also show the size and the location of the cohesive matter on the wall. The depth of the cohesive matter was 14Dq in the q direction. The cohesive matter was solid, thus both of the air and the coke particles did not penetrate into it.
The comparison of the coke particle velocity fields without the cohesive matter on the wall shown in Fig. 2(a) and with the cohesive matter in Fig. 8(a) indicates that the coke particle velocity near the wall with the cohesive matter becomes larger and more complicated. The comparison of the air velocity fields in Fig. 2(b) and Fig. 8(b) clearly indicates that the cohesive matter on the wall affects the air flows near the wall and become those more complicated. As shown in Fig. 8 
Conclusion
The following concluding remarks are obtained. (1) The calculated results present a typical raceway pattern and typical distributions of gas and particle velocities and void fraction in an actual blast furnace.
(2) The results present the size and the shape of raceway and show the change of them as the time and the unstable and unsteady raceway motion.
(3) Both of the depth and the height of raceway periodically change. These have roughly two different periods. at the nozzle outlet also indicates two different periods of which values agree with those of the raceway. The short period would indicate the usual fluctuation of the raceway and the long period would do the large scale change of the flow. (6) Our calculated results present an unusual phenomenon example in the blast furnace, which is the unusual high air velocity flow formed in the wide region touched to the furnace wall due to the air flow penetrated the powder particle wall formed around the outside of the raceway, the effect of the softening melting zones and the size reduction of coke particles in the furnace center region.
(7) We present the calculated results of gas and particle instantaneous velocity vectors, and the instantaneous isocontour of void fraction with the cohesive matter on the furnace wall in the actual blast furnace. The cohesive matter considerably changes the gas and the particle flows, particularly near the furnace wall. 
